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REMARKS 

Applicant respectfully requests reconsideration. Claims 1, 2, 22 and 34-59 were 
previously pending in this application. Claims 1, 36, and 38-42 have been amended. Support for 
the amendment can be found in the specification at least on page 8, lines 30-33; page 16, line 18- 
20; page 22, line 14 through page 23, line 19; and in Table 10 (pages 84-85). Claim 37 is 
canceled. No claims have been added. Claims 39 and 41 are currently withdrawn. As a result, 
claims 1, 2, 22, 34-36, 38, 40 and 42-59 are pending for examination with claims 1, 40 and 42 
being independent claims. 

No new matter has been added. 

Objections to the Specification 

The Examiner objected to the title as amended on May 22, 2009 because, according to 
the Examiner, the title does not disclose single domain antibodies specific for von Willebrand 
factor, the invention claimed in independent claim 1. 

Applicant has amended the title to refer to single domain antibodies directed against von 
Willebrand factor, as suggested by the Examiner. 

Accordingly, reconsideration and withdrawal of this objection is respectfully requested. 

Rejections under 35 U.S. C. § 112, written description 
The Examiner rejected claims 36-38, 40, 42, and 51-54 under 35 U.S.C. § 1 12, first 
paragraph, as allegedly failing to comply with the written description requirement. According to 
the Examiner, the claims contain subject matter which was not described in the specification in 
such a way as to reasonably convey to one skilled in the relevant art that the inventor, at the time 
the application was filed, had possession of the claimed invention for the reasons of record. 
Further, according to the Examiner, the rejected claims recite partial structure information for the 
antibody coupled with specific functional attributes for which, according to the Examiner, no 
correlation in the specification is provided. 

Applicant respectfully disagrees, because the specification clearly conveys to the skilled 
person that Applicant had possession of the claimed polypeptides, polypeptide constructs, and 
compositions thereof, at the time of filing of the application, as is further explained below. 
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Applicant respectfully requests reconsideration, especially in light of the claim amendments 
presented herein. 

Applicant has amended claims 36, 38, 40 and 42 to recite that the framework regions 
(FRs) of the homologous sequences of the single domain antibodies have a sequence identity of 
more than 85% with the framework regions of the parent sequences, or that the framework 
regions contain up to 10 amino acid substitutions, as compared to the framework regions of the 
parent sequence. 

The scope of the claimed genus of polypeptides and polypeptide constructs and the 
claimed functionality is supported in the specification. The claims recite which specific regions 
(i.e., the framework regions) of the single domain antibodies can be varied. As is well known in 
the art, a single domain antibody comprises CDR regions, which provide the single domain 
antibody its specific binding properties, and non-CDR regions (i.e., the framework regions), 
which provide the structural characteristics of the single domain antibody. A person of ordinary 
skill in the art would appreciate that a limited number of amino acid substitutions (e.g., up to 10 
amino acids) in the framework regions will not interfere with the binding properties of the single 
domain antibody (See e.g., pages 22 and 23 of the specification). A person of ordinary skill in 
the art would be able to rely on the specification or the state of the art to assess which amino acid 
changes can be introduced in the framework regions that do not interfere with the binding 
properties of the single domain antibody. For instance, references describing humanization of 
single domain antibodies provide which amino acid changes in the framework regions do not 
interfere with the binding properties of the single domain antibodies (See also pages 22 and 23 of 
the specification). 

In addition, Applicant has provided a sufficient number of species to support the claimed 
genus of polypeptides or polypeptide constructs. Applicant has shown that humanization of 
single domain antibodies, which includes amino acid substitutions in the framework regions, 
does not interfere with binding properties of these single domain antibodies (See e.g., pages 22 
and 23 and Table 30 of the specification). In addition, which specific amino acid substitutions 
can be introduced in the framework region that do not interfere with the binding properties of 
single domain antibodies was known in the art. Applicant therefore has provided multiple 
sequences with amino acid substitutions in the framework regions that support the genus of 
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polypeptides or polypeptide constructs comprising single domain antibodies with amino acid 
changes in the framework region that can bind the target antigen. 

The Examiner states that it is well known that the introduction of one or more mutations 
in the CDR regions of single domain antibodies would significantly alter the functionality (i.e., 
binding properties) of the single domain antibody. Applicant submits that this concern by the 
Examiner has been addressed by amending the claims to recite that the amino acid changes in the 
single domain antibodies are located in the framework regions. As demonstrated above, amino 
acid changes in the framework region are not expected to interfere with the binding properties of 
the single domain antibodies. 

Thus, at least for the reasons presented above, Applicant had possession of the claimed 
polypeptides, polypeptide constructs, and compositions thereof, at the time of filing of the 
application and Applicant therefore satisfies the written description requirement. 

Accordingly, reconsideration and withdrawal of the rejection is respectfully requested. 

Rejections under 35 U.S.C. § 112. enablement 
The Examiner rejected claims 36-38, 40, 42 and 51-54 under 35 U.S.C. § 1 12, first 
paragraph, for alleged lack of enablement. According to the Examiner, the specification, while 
being enabled for antibodies comprising SEQ ID NO:5 or fragments of SEQ ID NO:5 that 
maintain the binding to the Al domain of von Willebrand Factor (vWF), does not reasonably 
provide enablement for antibodies and fragments which comprise 70% identity to SEQ ID NO:5. 

Applicant respectfully disagrees. Applicant submits that the specification provides 
enablement support for the claimed polypeptides, polypeptide constructs, and compositions 
thereof, as is further explained below. Applicant respectfully requests reconsideration, especially 
in light of the claim amendments presented herein. 

Applicant has amended claims 36, 38, 40 and 42 to recite that the framework regions 
(FRs) of the homologous sequences of the single domain antibodies have a sequence identity of 
more than 85% with the framework regions of the parent sequences, or that the framework 
regions contain up to 10 amino acid substitutions, as compared to the framework regions of the 
parent sequence. 

The test of enablement is not whether any experimentation is necessary, but whether, if 
experimentation is necessary, it is undue (MPEP §2164.01). Factors to be considered in 
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determining whether undue experimentation is required are summarized in In re Wands (858 
F.2d 731, 8 USPQ 2 nd 1400 Fed. Circ. 1988), and include (1) the quantization of experimentation 
necessary, (2) the amount of direction or guidance presented, (3) the presence or absence of 
working examples, (4) the nature of the invention, (5) the state of the prior art, (6) the relative 
skill of those in the art, (7) the predictability of the art, and (8) the breadth of the claims. Based 
on this amendment and on Applicant's showing herein as to the support in the specification and 
the state of the art, Applicant believes Applicant has met the burden of demonstrating that the 
claims meet the enablement requirement. 

The specification teaches that amino acid substitutions in the framework regions do not 
interfere with the binding properties of the single domain antibodies. (See e.g., pages 22-23 of 
the specification). In addition, the specification provides working examples of single domain 
antibodies with specific amino acid substitutions in the framework regions (See Table 30 and 
Example 63). Substituting amino acids in the framework region without altering the binding 
properties of the single domain antibodies was routine practice at the time of filing of the 
application. Single domain antibodies with framework regions with amino acid changes were 
known in the art, for instance in the humanization of single domain antibodies. The art provides 
which specific amino acid changes can be made in the framework region that do not interfere 
with the binding properties of the single domain antibodies (See for instance Vincke et al., 
"General strategy to humanize a camelid single-domain antibody and identification of a universal 
humanized nanobody scaffold, JBC 2009, 284: 3273, and references cited therein; Attached to 
this paper). A person of ordinary skill in the art can therefore rely on the specification and the 
routine art to practice the claimed invention without undue experimentation 

The Examiner states that it is well known that the introduction of one or more mutations 
in the CDR regions of single domain antibodies would significantly alter the functionality (i.e., 
binding properties) of the single domain antibody. In addition, the Examiner states that the 
working examples (which relate to changes in the framework region) are different in scope than 
the claims. Applicant submits that these concerns by the Examiner have been addressed by 
amending the claims to recite that the amino acid substitutions in the single domain antibodies 
are located in the framework regions. As demonstrated above, amino acid changes in the 
framework region are not expected to interfere with the binding properties of the single domain 
antibodies. 
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Thus, at least for the reasons presented above, a person of ordinary skill in the art can 
practice the claimed invention without undue experimentation thereby satisfying the enablement 
requirement. 

Accordingly, reconsideration and withdrawal of the rejection is respectfully requested. 

Rejections Under 35 U.S.C. § 103 

The Examiner rejected claims 1, 2, 22, 34, 35, 43, 44-50, and 55 under 35 U.S.C. § 
103(a) for allegedly being unpatentable over Nagano et al. (US Patent 5,916,805) in view of 
Ghahroudi et al. (FEBS Letters, 1997, 414:521-526). According to the Examiner, Nagano et al. 
discloses antibodies that bind vWF. However, according to the Examiner, Nagano et al. does not 
disclose heavy chain antibodies from Camelidae. Further, according to the Examiner, Ghahroudi 
et al. discloses heavy chain Camelidae antibodies, and it would have been obvious for a person 
of ordinary skill in the art to combine the teachings of Nagano et al. and Ghahroudi et al. 

Applicant respectfully disagrees. The combination of Nagano et al. and Ghahroudi et al. 
does not render obvious the polypeptides and polypeptide constructs of the rejected claims, at 
least because the claimed polypeptides, polypeptide constructs, and compositions thereof, 
provide an unexpected result over the combination of Nagano et al. and Ghahroudi et al. 

Applicant respectfully requests reconsideration of the claims as amended. Applicant has 
amended claim 1 and introduced the feature "wherein said single domain antibody is able to 
inhibit at least 50% of platelet aggregation at high shear (1600 s" 1 ) at a concentration of between 
0.08 and 0.3 ug/ml.". Support for this feature can be found in the specification at least on page 
16, lines 18-20 and in Table 10 (pages 84-85). 

According to MPEP 2144.09, a prima facie case of obviousness based on structural 
similarity is rebuttable by proof that the claimed compounds possess unexpectedly advantageous 
or superior properties, citing In re Panesch , 315 F.2d 381, 137 USPQ 43 (CCPA 1963); and In 
re Wiechert 370 F.2d 927, 152 USPQ 247 (CCPA 1967). Applicant submits that the claimed 
polypeptides and polypeptide constructs provide an unexpected result, consistent with MPEP 
2144.09. 
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Applicant described platelet aggregation and summarized the results obtained at high 

shear rates found in vivo in Tables 10 and 1 1 (pages 84-85). Applicant discussed the unexpected 

nature of the results beginning at page 16, line 18: 

Surprisingly, monovalent VHH's perform very well in a platelet aggregation 
experiment under high shear: 50% inhibition of platelet aggregation was 
obtained at a concentration between 0.08 and 0.3 ug/ml. In comparison, the 
IgG vWF-specific antibody inhibiting the interaction with collagen, 82D6A3, 
inhibits 50% of platelet aggregation at approximately a twenty-fold higher 
concentration (Vanhoorelbeke K. et al, Journal of Biological Chemistry, 2003, 
278: 37815-37821). These results were unexpected given that the IC50 values 
for the monovalent VHH's are up to 7 times fold worse in ELISA then the 
IC50 value of the IgG of 82D6A3. 

These results show that monovalent vWF-binding VHHs were able to inhibit platelet 
aggregation to a greater extent than was expected based on the IC50 values of binding to vWF as 
assessed by ELISA. Specifically, platelet aggregation was inhibited using 20-fold less 
concentration of VHH than of monoclonal antibody 82D6A3. This was particularly surprising 
because the IC50 values of the VHH were 7 times worse than for the monoclonal antibody 
82D6A3. 

Nagano et al. (US 5,916,805) discloses monoclonal antibodies against vWF and 
evaluated these antibodies in a platelet aggregation experiment under high shear. The IC50 of 
these antibodies in a platelet aggregation experiment under high shear are 1.1 ug/ml on average 
(column 17 of US 5,916,805). The single domain antibodies of the rejected claims have an IC50 
in a platelet aggregation experiment under high shear of at least 0.3 ug/ml or lower. Thus, the 
single domain antibodies of the rejected claims are much more potent in the ability to inhibit 
platelet aggregation under high shear than the monoclonal antibodies of Nagano et al. and 
therefore provide an unexpected result. This finding of increased potency is even more 
surprising because the monoclonal antibodies of Nagano et al. have two binding sites, while the 
single domain antibodies of the invention have only one binding site. Thus, the single domain 
antibodies of the invention provide an unexpected result compared to the antibodies of Nagano et 
al. 

Ghahroudi et al. discloses heavy chain Camelidae antibodies. However, the teachings 
Ghahroudi et al. do not predict that Camelidae vWF antibodies based on the vWF monoclonal 
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antibodies of Nagano et al. will be more potent in the ability to inhibit platelet aggregation under 
high shear than the monoclonal vWF antibodies. Thus, the single domain antibodies of the 
rejected claims also provide an unexpected result over the combination of Nagano et al. and 
Ghahroudi et al. 

The Examiner states that the data, as presented by Applicant, to support a finding of 
unexpected results, are not in commensurate in scope with the claims. Respectfully, Applicant 
submits that the data are in fact commensurate with the claims and support a finding of non- 
obviousness based at least on unexpected results for the claimed genus of polypeptides and 
polypeptide constructs. Applicant notes that the claims have been amended to limit the 
polypeptide and polypeptide constructs to single domain antibodies that inhibit platelet 
aggregation at a concentration of between 0.08 and 0.3 ug/ml. Applicant further notes that Table 
10 provides several single domain antibodies and constructs that have the claimed functionality. 
Thus, the data support a finding of unexpected results for the claimed genus of polypeptides and 
polypeptide constructs and Applicant has provided "objective evidence of nonobviousness ... 
commensurate in scope with the claims which the evidence is offered to support." (See MPEP 
716.02(d)). 

In conclusion, the polypeptides and polypeptide constructs, and compositions thereof, of 
the claims provide unexpected results. Therefore, Applicant submits that the claimed invention 
is not obvious over the combination of Nagano et al. and Ghahroudi et al. 

Accordingly, reconsideration and withdrawal of the rejection is respectfully requested. 

The Examiner rejected claims 56-59 under 35 USC 103(a) as being unpatentable over 
Nagano et al. (US Patent 5,916,805) in view of Ghahroudi et al. (FEBS Letters, 1997, 414:521- 
526) as applied to claims 1, 2, 22, 34, 35, 43, 44-50, and 55 above, and further in view of 
Griffiths et al., (US Patent 5,670,132). According to the Examiner, the combination of Nagano 
et al. and Ghahroudi et al. discloses heavy chain Camelidae antibodies against vWF. However, 
according to the Examiner, the combination of Nagano et al. and Ghahroudi et al. does not 
disclose pegylated heavy chain Camelidae antibodies against vWF. Further, according to the 
Examiner, Griffiths et al. discloses pegylated antibodies and it would have been obvious 
according to a person of ordinary skill in the art to combine the teachings of Nagano et al. and 
Ghahroudi et al. with Griffiths at al. 
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Applicant respectfully traverses. The combination of Nagano et al., Ghahroudi et al. and 
Griffiths et al. does not render obvious the claimed polypeptides, polypeptide constructs and 
composition thereof at least because the polypeptides, polypeptide constructs, and compositions 
thereof provide an unexpected result over the combination of Nagano et al. and Ghahroudi et al. 
and Griffiths et al. 

As demonstrated above, the claimed polypeptides, polypeptide constructs provide an 
unexpected result over the combination of Nagano et al. and Ghahroudi et al. The teachings of 
Griffiths et al. relate to the pegylation of antibodies in general and Griffiths et al. remains silent 
on the unexpected properties (e.g., the potent ability to inhibit platelet aggregation) of the single 
domain antibodies of the claims. Thus, the claimed invention provides an unexpected result over 
the combination of Nagano et al. and Ghahroudi et al. and Griffiths et al. 

Accordingly, reconsideration and withdrawal of the rejection is respectfully requested. 



Double Patenting Rejection 

The Examiner provisionally rejected claims 1, 2, 22, 34-38, 40, and 42-55 on the ground 
of nonstatutory obviousness-type double patenting as allegedly being unpatentable over claims 
1,7, 16, 18, 19, 45, 56, and 66 of copending Application No. 10/534,349. 

Applicant notes that the rejection is a provisional rejection. Applicant submits that a 
terminal disclaimer over U.S. Serial No. 10/534,349 may be provided, if appropriate, upon a 
determination of allowable subject matter. 

The Examiner provisionally rejected claims 56-59 stand provisionally rejected on the 
ground of nonstatutory obviousness-type double patenting as being unpatentable over claims 1-7, 
16, 18, 19, 45, 56, and 66 of copending Application No. 10/534,349 in view of Griffiths et al, 
US Patent 5,670, 132. 

Applicant notes that the rejections is a provisional rejection. Applicant submits that a 
terminal disclaimer over U.S. Serial No. 10/534,349 may be provided, if appropriate, upon a 
determination of allowable subject matter. 
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CONCLUSION 

A Notice of Allowance is respectfully requested. The Examiner is requested to call the 
undersigned at the telephone number listed below if this communication does not place the case 
in condition for allowance. 

If this response is not considered timely filed and if a request for an extension of time is 
otherwise absent, Applicant hereby requests any necessary extension of time. If there is a fee 
occasioned by this response, including an extension fee, the Director is hereby authorized to 
charge any deficiency or credit any overpayment in the fees filed, asserted to be filed or which 
should have been filed herewith to our Deposit Account No. 23/2825, under Docket No. 
A0848.70010US00. 

Dated: March 3, 2010 Respectfully submitted, 

Electronic signature: /Erik J. Spek/ 

Erik J. Spek, Ph.D. 

Registration No.: 61,065 

WOLF, GREENFIELD & SACKS, P.C. 

Federal Reserve Plaza 

600 Atlantic Avenue 

Boston, Massachusetts 02210-2206 

617.646.8000 



Attachment: Vincke et al. General Strategy to Humanize a Camelid Single- Domain Antibody 
and Identification of a Universal Humanized Nanobody Scaffold. Journal of Biological 
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Nanobodies, single-domain antigen-binding fragments of 
camelid-specific heavy-chain only antibodies offer special 
advantages in therapy over classic antibody fragments because 
of their smaller size, robustness, and preference to target unique 
epitopes. A Nanobody differs from a human heavy chain vari- 
able domain in about ten amino acids spread all over its surface, 
four hallmark Nanobody-specific amino acids in the frame- 
work-2 region (positions 42, 49, 50, and 52), and a longer third 
antigen-binding loop (H3) folding over this area. For therapeu- 
tic applications the camelid-specific amino acid sequences in 
the framework have to be mutated to their human heavy chain 
variable domain equivalent, i.e. humanized. We performed this 
humanization exercise with Nanobodies of the subfamily that 
represents close to 80% of all dromedary-derived Nanobodies 
and investigated the effects on antigen affinity, solubility, 
expression yield, and stability. It is demonstrated that the 
humanization of Nanobody-specific residues outside frame- 
work-2 are neutral to the Nanobody properties. Surprisingly, 
the GIu-49 -» Gly and Arg-50 -> Leu humanization of hallmark 
amino acids generates a single domain that is more stable 
though probably less soluble. The other framework-2 substitu- 
tions, Phe-42 -> Val and Gly/Ala-52 -* Trp, are detrimental for 
antigen affinity, due to a repositioning of the H3 loop as shown 
by their crystal structures. These insights were used to identify a 
soluble, stable, well expressed universal humanized Nanobody 
scaffold that allows grafts of antigen-binding loops from other 
Nanobodies with transfer of the antigen specificity and affinity. 



Minimizing the size of antigen-binding entities from a mul- 
tidomain protein such as a monoclonal antibody to a single- 
chain variable fragment or even a single domain has been one of 
the primary goals of antibody engineering. For drug therapy, 
these smaller formats can be beneficial in various aspects such 
as immunogenicity, biodistribution, renal clearance, serum 
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half-life, tissue penetration, and target retention. However, the 
minimal sized antibody fragments need to retain sufficiently 
high antigen specificity and affinity, be expressed in high yields, 
and should have a low tendency to aggregate so as to maintain 
maximal potency and reduce possible risks of immunogenicity. 
Moreover functionality in adverse environments such as high 
concentrations of denaturant or elevated temperatures, and a 
concomitant increased shelf-life are additional assets. 

A significant proportion of the functional antibodies within 
species of the Camelidae are devoid of light chains. These 
immunoglobulins are referred to as heavy-chain antibodies (1), 
and their antigen-binding fragment is reduced to a single 
domain (referred to as VHH or Nanobody), with a molecular 
size of only —15 kDa, which is smaller in comparison to single- 
chain variable fragment fragments (30 kDa), Fab fragments (60 
kDa), and whole antibodies (150 kDa). All Nanobodies belong 
to the same sequence family, closely related to that of the 
human VH 3 of family III, although different subfamilies can be 
distinguished in dromedary based on the CDR2 length and the 
position of an additional cysteine in the CDR1 or the frame- 
work-2 (2). Because extra cysteines are rare in llama VHH 
sequences, they cannot be used as a subfamily hallmark and 
alternative subfamily divisions had to be proposed for llama 
VHHs (3, 4). Following immunization of a llama or dromedary, 
VHH genes can be easily cloned in a phagemid vector and anti- 
gen-specific VHHs can then be selected via phage display 
against virtually any antigen (5). Their small size, natural solu- 
ble behavior, and unique ability to target alternative epitopes 
make Nanobodies very attractive tools for tumor targeting, 
diagnostics, or even for in vivo therapy (6-10). 

Analysis of the amino acid sequence of the Nanobodies 
obtained from immunized camelids revealed frequent substitu- 
tions in regions that are conserved in the VH domain of con- 
ventional antibodies. These Nanobody hallmark amino acids, 
located mainly in framework-2, are essential adaptations to 
avoid the association with the variable light chain domain (11). 
Most of these mutations are substitutions from a hydrophobic 
to a hydrophilic residue and are considered to increase the sol- 
ubility of the isolated Nanobody (12, 13). In some cases, several 
of these residues at the "former VL-side" may also affect the 



1 The abbreviations used are: VH, heavy chain variable domain; LDA, ligation 
during amplification protocol; GdmCI, guanidinium chloride; r.m.s.d., root 
mean square deviation; CDR, complementarity determining region. 
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Strategy to Humanize Nanobodies 
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FIGURE 1. Amino acid sequences. A, NbHuL6 and NbHuL6t, Gtw , with humanized residues in framework-2 {italic). B, human DP-47 reference framework 
sequence, NbBclllO and h-NbBcll10 FGtA with humanized framework. Differences in sequence from the reference human sequence are underlined. Framework 
residues that were mutated to their human counterpart are shown in bold. 



antigen specificity of the Nanobody (13). These differences 
between VHH and VH conserved residues are Phe/Tyr-42 -* 
Val, Glu-49 -> Gly, Arg-50 -> Leu, and Gly-52 -> Trp (numbers 
refer to the International ImMunoGeneTics information sys- 
tem amino acid numbering (imgt.cines.fr)). Additionally, in 
-10% of the Nanobodies, Trp-118 is substituted by an Arg (14). 
The Trp-118 -> Arg substitution was proposed as an alternative 
option to further increase the solubility of single-domain anti- 
body fragments (15). 

Because mouse antibody fragments require a humanization 
step to be accepted as human therapeutics, it is likely that 
Nanobodies from camelid origin should also pass a humaniza- 
tion process. It is our objective in this work to assess the bio- 
chemical properties of several Nanobodies after such human- 
ization effort. We investigated therefore the humanization of a 
couple of representative Nanobodies into more human-like 
antibody fragments and tested their retention of antigen-bind- 
ing specificity. Two Nanobodies, members of subfamily-2, were 
chosen for this analysis: NbHuL6 (16) and NbBclllO (17). Sub- 
family-2 is the most frequently occurring of the seven VHH 
subfamilies accounting for 75% of all isolated dromedary anti- 
gen-specific Nanobodies (2). We first focused on the frame- 
work-2 residues, because those mutations are expected to have 
the largest impact on expression, solubility, and antigen affinity 
of the isolated domain. We then analyzed the effect of the Trp- 
118 -+ Arg mutation on these antibody formats. 

Subsequently, we substituted the remaining "non-human" 
residues in the framework and resurfaced NbBclllO to obtain a 
humanized Nanobody scaffold (h-NbBcII10 FGtA ) so as to 
exhibit the closest possible amino acid identity to a human VH 
(Fig. 1). It was previously demonstrated that the NbBclllO 
accepts the CDR loops from a whole range of Nanobodies with 
transfer of the antigen specificity of the loop donor (18). There- 
fore, the CDR loops of two Nanobodies, NbHuL6 and NbHSA, 
were grafted on the resurfaced framework h-NbBcII10 FGLA , to 
assess whether this framework can indeed be used as a universal 
humanized Nanobody scaffold. 

We determined and compared the antigen specificity, kinetic 
binding rate constants (k 0 Jk off ), the thermal (T m ), and confor- 
mational (C m /AG°) stability parameters of multiple variants, 
humanized to different extents. To evaluate the impact of 
humanization on the scaffold architecture of Nanobodies, we 
solved the crystal structure of a partially humanized NbHul6 
mutant (Phe-42, Gly-49, Leu-50, and Trp-52) in complex with 
its antigen and of the maximally humanized NbBclllO 



(h-NbBcII10 FGiA ). Based on this knowledge, a general strategy 
is proposed to generate a humanized version of any Nanobody 
with maximal retention of stability and antigen-binding char- 
acteristics. Finally, a universal humanized Nanobody scaffold 
was identified that accommodates antigen-binding loops from 
Nanobodies, even those from other subfamilies or species. 

EXPERIMENTAL PROCEDURES 

Site-directed Mutagenesis— Mutations were introduced by 
phosphorylated mutagenic oligonucleotides using the ligation 
during amplification protocol (LDA) (19). Multiple mutations 
were introduced simultaneously using multiple mutagenic 
primers, designed so as to add or eliminate a particular restric- 
tion enzyme site. The introduction of the different mutations 
was analyzed by restriction enzyme analysis and confirmed by 
DNA sequencing (ABI prism 3100 genetic analyzer, Applied 
Biosystems). 

Expression and Purification of Nanobodies— The plasmid 
constructs were transformed into Escherichia coli WK6 cells. 
The expression in the periplasm and purification of recombi- 
nant His 6 -tagged Nanobodies was performed as described 
previously (17). The purity of the proteins was evaluated by 
Coomassie-stained SDS-polyacrylamide gels. The protein con- 
centration was determined spectrophotometrically at 280 nm 
using the computed extinction coefficient of each Nanobody, as 
calculated from their amino acid sequence (20). 

Affinity Measurements— Different concentrations ranging 
from 500 nM to 7.8 nM of the NbHuL6, NbBclllO, and their 
respective variants were flown over a CM5 chip (Biacore) to 
which respectively human lysozyme (200 relative units) and 
Bell (800 relative units) had been coupled using the amine cou- 
pling chemistry (Af-ethyl-W-(dimethylaminopropyl)-carbodi- 
imide/JV-hydroxy succinimide) according to the manufactur- 
er's descriptions. All measurements were performed at a flow 
rate of 30 /id/min in HBS buffer (10 mM Hepes, pH 7.5, 150 mM 
NaCl, 3.5 mM EDTA, and 0.005% Tween 20) and 10 mM glycine/ 
HC1, pH 1.5, was used for regeneration. Data were fitted with 
the help of the BIAevaluation software version 4.1 (Biacore), on 
the basis of a 1:1 Langmuir binding model, with simultaneous 
fitting of the dissociation (k oS ) and association (k on ) rate con- 
stants. The kinetic parameters k on and k off were subsequently 
used to calculate the K D values. 

Temperature-induced Unfolding— CD measurements were 
performed with a Jasco J715 spectropolarimeter in the far-UV 
(205-250 nm) region, using a protein concentration of 0.166 
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mg/ml and 0.1 cm cell path length. A total volume of 300 ul of 
each sample was heated in 50 mM phosphate (pH 7.0). Heat- 
induced unfolding was monitored by increasing the tempera- 
ture from 35 °C to 95 °C at a rate of 1 °C/min, and recording the 
fluorescence intensity at 205 nm as a function of temperature. 
Data were acquired with a reading frequency of 1/20 s~\ a 1-s 
integration time, and a 2 nm bandwidth. Data analysis was per- 
formed assuming two-state unfolding mechanisms (21). The 
reversibility of the unfolding was assessed by recording wave- 
length scans of the protein at 35 °C, 95 °C and again after cool- 
ing down the sample to 35 °C. At each temperature five spectra 
were measured and averaged. 

Enzyme-linked Immunosorbent Assay— To test the residual 
binding activity after thermal unfolding, the different mutants 
were incubated at concentrations between 250 nM and 2 um for 
4 h at 90 °C. Maxisorb 96-well plates (Nunc) were coated over- 
night at 4 °C with human lysozyme or Bell at a concentration of 
2 u-g/ml in phosphate-buffered saline. Residual protein-binding 
sites in the wells were blocked for 2 h at room temperature with 
1% milk powder in phosphate-buffered saline. After incubation 
with either untreated or heat-treated and subsequently re- 
folded His-tagged Nanobody, bound protein was detected 
using a mouse anti-histidine tag antibody (Serotec) followed by 
an alkaline phosphatase anti-mouse-IgG conjugate (Sigma) and 
j?-nitrophenyl phosphate as substrate. The percentage of bind- 
ing activity restored after temperature unfolding was calculated 
using triplicates at four different concentrations of Nanobody. 

Equilibrium Denaturation Experiments— GdmCl-induced 
unfolding followed by intrinsic fluorescence measurements was 
employed to determine the thermodynamic stability. Protein- 
GdmCl mixtures containing a final protein concentration of 25 
/Ag/ml and denaturant concentrations ranging from 0 to 6.0 M 
GdmCl were prepared by adding a GdmCl stock solution (7.2 m, 
in 50 mM phosphate, pH 7.0) to the purified protein (stock 2 
mg/ml in phosphate-buffered saline). After overnight incuba- 
tion at room temperature, the intrinsic fluorescence was meas- 
ured at 25 °C on an Aminco-Bowman spectrofluorometer from 
300 to 400 nm after excitation at a wavelength of 280 nm. The 
center of spectral mass of each spectrum was calculated 
as the center of spectral mass = 2v; X F i f%F i , where v i is the 
wave number {i.e. inverse wavelength) and F ( is the fluores- 
cence intensity at v s (22). 

Thermodynamic parameters for chemical unfolding were 
computed on the assumption of a two-state model for the 
unfolding reaction, as observed for Nanobodies studied so far 
(16, 23). On this basis, a first data analysis was performed to 
obtain the AG 0 and m values using a six-parameter equation as 
previously described by Pace (24) and Santoro and Bolen 
(25).The concentration of denaturant at which half of the pro- 
tein is denatured (C m ) has been shown to be the most repro- 
ducible value when comparing the stability of wild-type and 
mutant proteins, because it can be determined quite accurately 
and is largely insensitive to the unfolding mechanism (26). 
Transition curves were also analyzed according to Clarke and 
Fersht (27) and Kellis etal. (28) to obtain the C m and m values. 
AG 0 can then simply be calculated from AG 0 = m-C m . Both 
fitting procedures resulted in very similar AG 0 values, we there- 
fore report only the latter. 



Generation of Chimeric Nanobody Constructs— The CDR-H 
loops from loop donor Nanobodies NbHuL6 (dromedary) 
and NbHSA (llama) were transferred to the scaffold of 
h-NbBcII10 FGiA (humanized recipient Nanobody) by PCR- 
based mutagenesis. The sequence of each CDR-H loop from the 
loop donor Nanobody was encompassed by two primers, one 
back and one forward primer, containing at the 5' and the 3' 
ends the sequences corresponding to the framework residues of 
the recipient Nanobody. The chimeras were constructed as 
described previously with some minor modifications (18). The 
chimeric Nanobody construct of NbHuL6 on h-NbBcII10 FGiA 
was digested with Ncol and NotI, whereas the chimeric con- 
struct with NbHSA as donor Nanobody was digested with Hind- 
III and NotI. Both fragments were cloned in the expression 
vector pHEN6 (17). The expression yield of both chimeras is 
comparable to the level of the humanized recipient Nanobody 
(2 mg/liter of culture). 

Crystal Structure Determination— Date for the free form of 
NbBcIIlO (pdb entry 3DWT) were collected at ESRF beamline 
ID14-2 under cryogenic conditions. The crystals diffract to 
2.9- A resolution. Data were reduced using the HKL suite of 
programs (29). Molecular replacement was done with the max- 
imum-likelihood based program PHASER (30, 31), which 
allowed the unambiguous positioning of all eight VHH domains 
in the asymmetric unit. The framework region of crystal struc- 
ture of NbBcIIlO grafted with the CDR loops from NbLys3 (pdb 
entry 1ZMY) (18, 32) was used as the starting model. Rounds of 
simulated annealing refinement and 5-factor refinement with 
CNS 1.0 (33) were alternated with manual rebuilding using 
TURBO (34). NCS restraints were used throughout the refine- 
ment, and the mli target function was used. Data collection and 
refinement statistics are given in Table 1. The final R and R [rcc 
factors were 0.245 and 0.304, respectively, with the model fit- 
ting the electron density very well. Attempts to reduce the R 
factors by relaxing the NCS restraints or to build different CDR 
conformations in different monomers were unsuccessful. 

X-ray data for the maximally humanized mutant of NbBcIIlO 
(h-NbBcII10 FGiA , pdb entry 3EAK) were collected at beamline 
BW7A of the DESY synchrotron, Hamburg, to a resolution of 
1.85 A and processed as for the wild-type data. The same starting 
model was used for molecular replacement and refinement as for 
the wild-type NbBcIIlO structure to minimize bias. Refinement 
was carried out using the same protocol as for the wild-type 
NbBcIIlO, except that no NCS restraints were applied. 

The same protocol was also applied to the partly humanized 
NbHul6 complex (NbHul6 FGiW > pdb entry 3EBA), for which the 
data were also collected on beamline BW7A. The wild-type 
NbHuL6:HuL complex (pdb entry 10P9) was used as the starting 
model for molecular replacement and refinement. All details of 
data collection and refinement are presented in Table 1. 

RESULTS 

Humanizing the Framework-2 Region of Nanobodies— Two 
Nanobodies, NbHuL6 and NbBcIIlO, with specificity for 
human lysozyme (HuL) and the /3-lactamase Bell of Bacillus 
cereus, respectively, have been selected to determine the 
involvement of the VHH hallmark amino acid residues in 
framework-2 on expression yield, affinity, and stability. The 
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TABLE i 



Crystallographic data and refinement statistics for NbHuL6 FGtlv , NbBclll 0, and h-NbBclll 0 F 





NbHuL6 FG/w , 


NbBcIIlO 


h-NbBcII10 FG ,. A 










Unit cell 










c = 119.51 A 


b = 174.71 A 


b = 70.75 A 






c= 115.53 A 


c = 50.37 A 


Resolution (highest resolution shell) 


20.0-1.85 (1.92-1.85) A 


20.0-2.9 (3.0-2.9) 


50.0-1.95 (2.02-1.95) 


Data collection temperature 


100 K 


100 K 


100 K 


Number of measured reflections 


107,299 (10208) 


238,144(23075) 


129,288 (13187) 


Number of unique reflections 


23,285 (2320) 


34,579 (3402) 


20,171 (1998) 


Completeness (highest resolution shell) 


99.9 (99.9)% 


99.9 (100.0)% 


99.9 (100.0) 


liar (I) (highest resolution shell) 


(1 f)fi9 In 4021 


0V27 lo 4851 


9.99 (2.3) 
















0.215 (0.237) 


i? frcc -factor (highest resolution shell) 


0.255 (0.335) 


0305 (0^492) 


0^252 (0^265) 


Ramachandran plot 








Core region 


87.5% 


82.5% 


87.7% 


Additional allowed 


12.0% 


16.9% 


12.3% 


Generously allowed 


0.5% 


0.6% 


0.0% 


Disallowed 


0.0% 


0.0% 


0.0% 


r.m.s.d. 








Bond lengths 


0.0058 A 


0.0075 A 


0.0058 A 


Bond angles 


1.325' 


1.523° 


1.37° 


pdb entry 


3EBA 


3DWT 


3EAK 



NbHuL6 was chosen for this study because of its potential ther- 
apeutic relevance, because it stabilizes an unstable human 
lysozyme mutant that forms fibrils and amyloids (35). The high 
stability (50.9 kj mol -1 ) of NbBcIIlO (17) and the successful use 
of its framework to graft the antigen specificity loops from 
donor Nanobodies of the VHH subfamily-2 (18), makes it a 
logical candidate as universal Nanobody scaffold. 

The two Nanobodies were mutated by LDA-PCR at the 
framework-2 hallmark amino acid positions 42, 49, 50, and 52 
to the amino acids occurring at those positions in human VH 
domains, Le. Val42, Gly49, Leu50 and Trp52, [ImMunoGene- 
Tics numbering (imgt.cines.fr)]. These mutants, referred to 
as NbHuL6 VGtU7 and NbBcII10 KG , w , respectively, were 
expressed in the periplasm of E. coli and purified by immobi- 
lized metal ion chromatography and gel filtration. (Nanobody 
mutants humanized in framework-2 are designated with a four- 
letter single letter code for the amino acid at positions 42, 49, 50, 
and 52; these letters are italicized if they correspond to the 
human sequence at that position). The amount of wild-type 
protein recovered after size-exclusion chromatography corre- 
sponded to 3 mg/liter of culture for NbHuL6 and NbBcIIlO. 
The expression yields of the framework-2 humanized proteins 
were lower: 1 mg/liter of culture for NbHuL6y GiW . and 1.8 
mg/liter of culture for NbBcIIlOyg^ probably due to the 
lower cell density attained after overnight growth or to cell lysis. 
Both mutant proteins are monomeric, as observed by size-ex- 
clusion chromatography (data not shown). However, a delay in 
elution time from the column is noticed for both frameworks- 
humanized formats, suggesting nonspecific interaction of the 
humanized proteins with the gel matrix. This feature was also 
noted for isolated VH domains of conventional antibodies (13, 
23, 36). In addition, the NbHuL6 KGiw - has a tendency to pre- 
cipitate upon prolonged storage at 4 °C. 

The effect of humanizing the framework-2 region of 
NbHuL6 and NbBcIIlO on the antigen-binding capacity was 
assessed by surface plasmon resonance. In both cases an 
increase in the equilibrium dissociation constants was observed 
(14.6 nM for NbHuL6 VGiW , compared with 0.32 nM for wild- 



type NbHuL6 and 16 /xm for NbBcIU0 VG/ ^compared with 7.4 
nM for wild-type NbBcIIlO (Tables 2A and 3A)). 

Impact of Trp-118 -* Arg Substitution on Expression and 
Functionality of NbHuL6— Another residue that participates in 
the interaction with the VL domain and that is highly conserved 
in conventional VH domain is Trp-118. In —10% of the Nano- 
bodies this residue, adjacent to the CDR3 loop, is substituted to 
a more hydrophilic Arg residue (14). This Trp-118 — * Arg 
mutation renders the domain more hydrophilic and was pre- 
viously shown to have an effect on the expression and solu- 
bility of a camelized rabbit VH domain (37). Therefore, the 
effect of the amino acid residue at position 118 on the 
expression and functionality of wild-type NbHuL6 and 
NbHuL6 VGivr was investigated. 

Introduction of an Arg at position 118 of NbHuLe^g^leads 
to a 3-fold improvement of the expression yield, whereas a 
2-fold lower expression is observed for the same mutation in 
NbHuL6. Additionally, the wild-type NbHuL6 with an Arg at 
position 118 shows a 10-fold drop in affinity (Table 2A), The 
presence of Trp-118 of NbHuL6 had previously been demon- 
strated to be critical for proper positioning of the third antigen- 
binding loop (18). This effect on loop organization seems to be 
independent of the Nanobody hallmark residues in frame- 
work-2, because a similar drop (6-fold) in affinity is observed 
upon mutating the ^Hul^^^ta include Arg-118. 

Impact of Residues 42, 49, 50, and 52 on Biochemical Proper- 
ties of NbHuL6— Because the effect on affinity is most dra- 
matic for the framework-2-humanized version of NbBcIIlO, 
we decided to dissect the contribution of each mutated res- 
idue on the biochemical properties of NbHuL6. The residues 
49 and 50 are grouped and mutated simultaneously so that 
we constructed six different mutants between NbHuL6 and 
NbH\\L6 VGLW i covering all the possible residue combina- 
tions at positions 42, 49, 50, and 52. The partially humanized 
mutants of NbHuL6 were consistently recovered at levels 
comparable to the wild-type (3-4 mg/liter of culture) with 
one notable exception for the NbHuL6y GiG mutant having 
an expression yield of 1.4 mg/liter of culture. 



3276 JOURNAL OF BIOLOGICAL CHEMISTRY 



VOLUME 284- NUMBER 5 - JANUARY 30, 2009 



Strategy to Humanize Nanobodies 

TABLE 2 



Kinetic rate and equilibrium dissociation constants, changes in the free energies of unfolding by equilibrium denaturation {A) and overview 
of the heat-induced unfolding experiments (S) upon mutation of VHH hallmark residues of NbHuL6 



A) NbHuL6" 


k °" 


*off 


K ° 


C m 


ra-value 


AG" 


AAG" 206 (relative to wild-type) 






s ~' 


nM 


M 


kjmor 1 m' 1 


kJmoT' 


kjmor' 


FERG 


2.39E+06 






3,02 ± 0.02 








FERW 


2.04E+06 


685E-03 


336 




15 5 + 0 5 


519 + 19 


-105 


VERG 


2.70E+06 


1.61E-03 


0^60 


2^58 + o!oi 


14.4 ± 0.6 


3Z1 ± l.S 


4.3 


VERW 


1.01E+06 


1.59E-02 


15.74 


3.05 ± 0.01 


16.7 ± 0.7 


50.8 ± 2.4 




FGXG 


1.42E+06 


5.78E-04 


0.41 


3.39 ± 0.02 


19.0 ± 1.9 


64.7 ± 6.6 


-23.3 


FGIW 


1.63E+06 


3.85E-03 


2.36 


3.83 ± 0.02 


14.3 ± 1.1 


55.0 ± 4.4 


-13.6 


VGiG 


2.58E+06 


1.24E-03 


0.48 


2.95 ± 0.01 


19.7 ± 1.3 


58.1 ± 3.9 


-16.7 


VGLW 


9.31E+05 


1.36E-02 


14.61 


3.50 ± 0.01 


15.4 ± 0.8 


54.0 ± 3.1 


-12.6 


FERG W118R 


8.74E+05 


2.98E-03 


3.41 


1.75 ± 0.02 


9.0 ± 0.4 


15.8 ± 0.9 


25.6 


VGL WW118R 


2.12E+05 


1.95E-02 


91.98 


3.11 ± 0.01 


14.9 ± 0.5 


46.4 ± 1.7 


-5.0 


B) NbHuL6" 




T m 




Reversibility 




restored activity 








•c 




% 




% 


FERG 






79.7 ± 0.2 




93.3 




86.8 


FERW 






84.2 ± 0.5 




93.4 




ND 


VERG 






76.2 ± 0.2 




93.0 




58.8 


VERW 






79.4 ± 0.2 




92.6 




100 


FGLG 






82.5 ± 0.3 




96.3 




64.9 


VGLW 






ND< 




103.1 




100 


VGLG 






78.4 ± 0.2 




81.6 




65.4 


VGLW 






79.5 ± 0.3 




66.7 




79.9 


FERGW118R 




70.0 ± 0.1 




69.9 




58.4 


VGL WW118R 




79.9 ± 0.2 




86.3 




55.5 



" Partially humanized mutants in framework-2 are designated with a four-letter label referring to the residues at, respectively, positions 42, 49, 50, and 52. The human hallmark 

residues at these positions are in italic font 
h AAG° = AG 0 (wild type) - AG 0 (mutant) (27, 28). 
c ND, not determined. 



TABLE 3 



Kinetic rate and equilibrium dissociation constants, changes in the free energies of unfolding by equilibrium denaturation (A) and overview 
of the heat-induced unfolding experiments (6) upon humanization of NbBclII 0 and of chimeras based on the h-NbBcll10 FGtA scaffold 



A) 






K D 


C m 




AG" 


AAG Hl °" (relative to wild type) 












kjmar' m~' 


kjmar' 


kjmor' 


NbBcIIlO 


4.87E+06 


3.61E-02 


7.41 


3.17 ± 0.01 


16.1 ± 0.6 


50.9 ± 2.1 




NbBcII10 VG;w . 


1.51E+04 


2.42E-01 


16E+03 


ND'' 


ND 


ND 




NbBcII10 FG/A 


7.98E+06 


3.50E-02 


4.39 


3.61 ± 0.01 


20.4 ± 1.6 


73.7 ± 6.1 


-22.8 


h-NbBcIHO 


3.69E+06 


4.45E-02 


12.06 


2.95 ± 0.01 


14.9 ± 1.1 


43.9 ± 3.4 


7.0 


h-NbBcII10 Fc; , A 


3.67E+06 


3.19E-02 




3.38 ± 0.02 


17.2 ± 1.1 


58.3 ± 3.7 


-7.4 


NbHSA 


2.83E+06 


2.08E-02 


7.35 


2.46 ± 0.01 


14.9 ± 1.2 


34.1 ± 2.3 




h-NbBcIU0 FGiA S-S-S 


4.50E+06 


1.56E-02 


3.47 


2.03 ± 0.01 


15.6 ± 0.8 


31.7 ± 1.9 


2.4 


NbHuL6 


2.39E+06 


7.68E-04 


0.32 


3.02 ± 0.02 


13.7 ± 1.0 


41.4 ± 3.4 




h-NbBcII10 FGiA L-L-L 


1.66E+06 


1.66E-03 


1.00 


3.80 ± 0.01 


12.3 ± 0.4 


46.9 ± 1.8 


-5.5 


B) 






r m 




Reversibility 




Restored activity 








-c 




% 




% 


NbBcIIlO 






77.5 ± 0.2 




41.9 




59.6 


NbBcII10 FG , A 






79.6 ± 0.2 




39.3 




35.5 


h-NbBcIIlO 






72.0 ± 0.2 




35.3 




1.5 


h-NbBcII10 FGl 






74.3 ± 0.3 




8.1 




0.4 


h-NbBcII10 F&7 


I S-S-S 




63.4 ± 0.1 




19.3 




ND 


NbHuL6 






79.7 ± 0.2 




93.3 




86.8 


h-NbBcII10 FGl 


„ L-L-L 




82.1 ± 0.3 




68.1 




ND 



" AAG° = AG 0 (wild type) - AG 0 (mutant) (27, 28). 
4 ND, not determined. 



To get a better view on the involvement of each of the 
humanizing mutations on the kinetic parameters, the affinity of 
each partially humanized mutant of NbHuL6 was determined. 
The most obvious and consistent effect upon mutating Gly to 
Trp at position 52 is a 6- to 10-fold increase in the kinetic off- 
rate (Table 2A and Fig. 2). The concomitant increase in K D 
value is even more accentuated when a Val is located at position 
42. This leads to the proposal that residue 52 is essential for high 
affinity antigen binding; most probably in conjunction with the 
residue at position 42. Only minor differences in affinity were 
observed when mutating the residues at positions 49 and 50. 

The impact of the different mutations in framework-2 on the 
stability of NbHuL6 was assessed by determining the free 



energy of unfolding of all mutants from denaturant-induced 
unfolding and refolding experiments (Table 2A). The unfolding 
is completely reversible for all variants, because the fluores- 
cence spectra measured after refolding are indistinguishable 
from those of the native states before unfolding (data not 
shown). The m values around 15 kjmol- 1 !^ -1 are in the range 
expected for proteins of this size (14-15 kDa) (38). A single 
unfolding transition was observed, indicating a cooperative 
two -state unfolding of the Nanobodies (Fig. 3A). The mutations 
Glu-49 — > Gly and Arg-50 — > Leu result in a notable increase in 
protein stability, especially when another Gly occupies position 
52 (Table 2A and Fig. 3, B and C). Conversely, a loss of stability 
was observed upon mutation of Phe to Val at position 42. 
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10 s to-* ior' 



k 0 « ( s "') 

FIGURE 2. Rate plane with isoaffinity diagonals plot for the different 
mutants of NbHuL6 (red) and NbBclllO {purple) and the chimeric con- 
structs h-NbBcll10 FGI . fl L-L-L (green) and h-NbBcil10 FGtA S-S-S (blue) as 
determined by surface plasmon resonance. Arrows represent the decrease 
in affinity upon mutation of Gly-52 -»Trp (dotted) and Trp-1 1 8 -» Arg (solid). 
Partially humanized mutants in framework-2 are designated with a four-letter 
label referring to the residues at, respectively, positions 42, 49, 50, and 52. The 
human hallmark residues at these positions are in italics. 

Temperature-induced unfolding followed by CD spectros- 
copy largely confirms these results (Table 2B). For all the dif- 
ferent variants of NbHuL6 a single transition was observed, 
consistent with two-state folded-unfolded behavior (Fig. 4A). 
As expected, a large proportion (>90%) of the native ellipticity 
was recovered upon cooling the samples from 95 °C to 35 °C, 
with exception for the NbHuL6 VGiG and NbHuL6 VSiW - for- 
mats. This indicates that the domains reversibly refold upon 
cooling, a well established property of Nanobodies and engi- 
neered human VH single-domain antibodies (16, 23, 36). How- 
ever, this observation contrasts with a reduced antigen-binding 
capacity of some of the mutants after heat treatment (Table IB). 

Structural Consequences of Humanizing NbHuL6—The 
structure of wild-type NbHuL6 in complex with human 
lysozyme has been described previously (35) (pdb entry 10P9). 
The partly humanized version of NbHuL6 (NbHuL6 FGiW ) was 
crystallized in complex with its antigen in a different crystal 
form (Fig. 5, A and B). The antibody domains within the differ- 
ent crystal forms superimpose with an r.m.s.d. of 0.75 A for 121 
Ca atoms, significantly higher than the 0.42 A obtained when 
superimposing the two lysozyme molecules (which defines the 
effect of comparing two different crystal forms). The per resi- 
due r.m.s.d. plot shows a single peak for residues 45-50 upon a 
base line of —0.6 A r.m.s.d. for all other residues. Although this 
deviation coincides with the region where the mutations where 
inserted, it appears to be rather attributed to crystal packing 
effects (Fig. 5D). There are no prominent differences in the 
CDR1 and CDR2 loops, but the CDR3 loop is slightly shifted by 
the presence of Trp at position 52. Its bulky side-chain forces 
the Leu 112.2 to reorient itself, which in turn pushes against the 
side chain of Trp 111.1 (Fig. 5C). 

The surface area of the antibody-antigen interface employed 
for the association of the antigen to the wild type or the partly 
humanized NbHuL6 FG/ w is very similar and occurs via the 
same contacts, despite a 9.2° rigid body rotation in the antigen 
position (around the CDR3 loop). Such rigid body rotations 



have been observed for other antibody complexes for which 
different polymorphs are available (39). They most likely re- 
present the flexibility of such complexes in solution, of which 
different substrates are selected for by the crystal lattice. Of 
interest is that the antibody-antigen interactions are over- 
whelmingly dominated by interactions involving side chains of 
NbHuL6 with only very few main-chain atoms involved. This 
contrasts to earlier observations that suggested that the high 
affinity of heavy-chain antibodies might in part be due to a high 
tendency to recruit the polypeptide backbone as this would 
reduce the entropy penalty of the association (40). 

Humanization by Veneering of the Complete Framework of 
NbBclllO— Apart from the Nanobody hallmark residues in 
framework-2, other amino acids differences occur between the 
VHH framework and the VH framework of a conventional anti- 
body at various positions. To obtain a single-domain antibody 
fragment with the highest possible similarity to human germ 
line sequences, we also humanized these residues using the 
human germ line DP-47 as a reference (41) (Fig. LB). DP-47 
belongs to the VH family III, which also includes the camelid 
VHH domains and is well expressed/displayed in bacterial/ 
phage systems (42). The VH family III occurs in antibodies 
against a wide variety of different antigens. 

NbBclllO was preferred for this analysis because of its high 
conformational stability (50.9 kj/mol ± 2.1) and the successful 
use of its framework in several loop-grafting experiments (18). 
At first, eleven camelid VHH framework residues outside 
framework-2 of NbBclllO were humanized to mimic the 
DP-47 sequence (Ser-12 -» Leu, Ala-15 -> Pro, Thr-24 -> Ala, 
Ala-83 Ser, Val-87 Leu, Thr-88 -» Tyr, Asn-93 -> Ser, 
Lys-95 -> Arg, Pro-96 -» Ala, Ile-101 -» Val, and Gln-123 -* 
Leu) (h-NbBcIHO). These solvent-exposed residues are 
expected to have only minor influence on the CDR conforma- 
tion (43, 44), which is confirmed by the wild-type-like binding 
behavior of h-NbBcIHO (Table 3A and Fig. 2). However, this 
resurfacing affects the stability of NbBclllO, because its melting 
point decreases from 77.5 °C to 72.0 °C for h-NbBcIHO. 

We demonstrated earlier the severe impact of the human- 
ization of framework-2 on the antigen-binding capacity of 
NbBclllO. Our analysis on NbHuL6 demonstrates that this 
effect was mainly attributed to the residues at positions 42 and 
52. Therefore only the residues at positions 49 and 50 in frame- 
work-2 were changed to their human counterpart in NbBclllO 
and h-NbBcIHO. We then compared the biochemical proper- 
ties of NbBcII10 FGiA and h-NbBcII10 FGiA , respectively, and 
observed a considerable gain in thermodynamic as well as ther- 
mal stability, whereas the antigen-binding capacity and solubil- 
ity are preserved (Table 3, A and B, and Fig. 2). The increase in 
stability even compensates for the loss of stability observed for 
the veneered h-NbBcIHO. As for NbHuL6, the mutations at 
positions 49 and 50 cause a more sticky behavior of the mutated 
proteins, resulting in a longer retention time on the size-exclu- 
sion chromatography column. Strikingly, the maximal human- 
ization of the NbBcIIl 0 resulted in a complete loss of the revers- 
ible refolding and binding activity after heat treatment (Table 
3B). This seems to be communally attributed to the mutations 
spread throughout the entire scaffold region of NbBclllO and is 
not only confined to those of framework-2. 
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FIGURE 3. A, fraction of Nanobody unfolded, f u , as a function of GdmCI concentration of the partially human- 
ized mutants of NbHuL6. Curves are normalized to the fraction of unfolded protein. Double mutant cycle at 
Phe/Tyr-42 -> Val and Glu-49 -» Gly/Arg-50 -» Leu with Trp-52 (B) and Gly/Ala-52 (Q. The numeric values 
representthe unfolding free energies in kj/mol as recovered from Table 2forNbHuL6, Table 3 for NbBclllO, and 
according to Conrath etal. (13) for NbAn33. Partially humanized mutants in framework-2 are designated with 
a four-letter label referring to the residues at, respectively, positions 42, 49, 50, and 52. The human hallmark 
residues at these positions are in italics. 

Structural Effects of Humanizing NbBcIUO— The crystal 
structure of wild-type and maximally humanized NbBclllO 
(h-NbBcII10 FGiA ) were determined to 2.9 A and 2.1 A resolu- 
tion, respectively (Fig. 6, A and B). 

The maximally humanized mutant of NbBclllO crystallizes 
with two molecules in the asymmetric unit. Both molecules are 
very similar (r.m.s.d. 0.37 A for 128 Ca atoms). All mutated 
residues have their side-chain solvent exposed on the surface of 
the molecule and provoke a minimal structural adaptation of 
the protein. The mutant structures are nevertheless distinct 
from the wild-type structures with r.m.s.d. values between 0.77 
and 0.88 A for 125 Ca atoms (three residues have missing coor- 



dinates in the wild-type structure), 
similar to the situation in NbHuL6. 
Pairwise r.m.s.d. plots as a function 
of residue number show that the 
corresponding structural adapta- 
tions are spread over the entire 
structure rather than being located 
in specific regions, in agreement 
with the thirteen mutations being 
distributed over the entire 
sequence. Nevertheless, some- 
what larger deviations are 
observed for the N terminus, CDR2, 
and residues 80-88. These differ- 
ences are, however, difficult to link 
to specific mutations and may, at 
least in part, be a consequence of 
different crystallization conditions 
and crystal lattice interactions. 

The crystal structure of the 
h-NbBcII 1 Opgj, A was superimposed 
on the single-domain human VH 
structures lOHQ and 3B9V from 
Jespers, et al. (45) and Barthelemy, 
et al. (36), respectively, to assess the 
structural effect of the humanized 
sequences in our Nanobody. With 
the exception of the residues Ser-83 
and Val-101, where a 120° turned 
rotamer of the side chain was noticed 
without further effect on surrounding 
residues, all other amino acids had an 
identical positioning. 

Grafting Experiments on the 
Humanized h-NbBcII10 FGLA — The 
identification of a highly stable, 
humanized Nanobody scaffold that 
allows grafting of the antigen-binding 
loops of single-domain antibodies is 
an ultimate goal. For h-NbBcII10 FGXA 
to be a good universal scaffold we 
need to demonstrate that its maxi- 
mally humanized framework serves 
as a universal acceptor for loop graft- 
ing and concomitantly for transfer of 
antigen specificity. We therefore con- 
structed two Nanobody chimeras by CDR grafting and analyzed 
their biophysical properties. As mentioned before, NbHuL6 is a 
member of the dromedary subfamily-2, whereas the llama NbHS A 
belongs to the VHH subgroup C according to the classification of 
Achour etal. {3). The latter Nanobody was chosen to demonstrate 
the tolerance to transfer the antigen specificity and affinity of a 
non-dromedary VHH to our humanized dromedary VHH scaf- 
fold. Grafting the CDRs of NbHSA and NbHuL6 on the frame- 
work of h-NbBcII10 FGXA to generate h-NbBcII10 FGXA S-S-S and 
h-NbBcII10 FGV A L-L-L, respectively, had no significant effect on 
the expression and the affinity of the recombinant proteins 
(Table 3A and Fig. 2). The thermodynamic stability of the 
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itored at 205 nm. Curves are normalized to the fraction of unfolded protein. Partially humanized mutants 
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h-NbBcII10 FG/ A S-S-S was slightly decreased compared with that 
of the original clone, whereas in the case of hNbBcII10 FGiA L-L-L, 
the stability was higher than for NbHuL6. This result is confirmed 
by the heat-induced unfolding experiments showing a small 
increase in T m value of h-NbBcII10 FGiA L-L-L (Table 3B). In addi- 
tion, the reversible refolding after heat-induced unfolding of 
h-NbBcII10 FGiA was partially restored after grafting the CDR 
loops of NbHuL6. It corroborates that, apart from the scaffold, the 
CDRs also contribute to this particular property of camelid single- 
variable domains. 

DISCUSSION 

Camelid single-domain antibody fragments or Nanobodies 
have a high potential for biotechnological and medical applica- 
tions because of their small size, good stability, high antigen 



affinity and specificity, and 
improved solubility. Due to their 
small size and the high degree of 
identity of their framework to the 
human VH framework of family III, 
Nanobodies are expected to exhibit 
a low immunogenicity (14). Never- 
theless, for tumor therapy the per- 
ception is that the Nanobody needs 
to be humanized to a maximal 
degree, evidently without compro- 
mising on their expression level, 
affinity, solubility, and stability. 

The most remarkable differences 
between Nanobodies and human 
VH domains are the adaptations in 
the framework-2 region. Most of 
these mutations involve a substitu- 
tion from a hydrophobic to a hydro- 
philic residue and are considered to 
be important for the solubility of the 
isolated Nanobody (12, 13). Indeed, 
human VH domains occur in nature 
only in complex with a VL domain, 
and the removal of this VL domain 
would expose a large hydrophobic 
surface to the solvent. Therefore, 
most isolated VH domains have a 
pronounced tendency to aggregate 
(46). Consequently, it is crucial to 
understand the influence of each of 
these framework-2 substitutions on 
the biophysical properties of Nano- 
bodies to produce the most optimal 
single-domain antibody format. To 
date, most studies attempting to 
unravel the function of these VHH 
hallmark residues have focused on 
the partial camelization of conven- 
tional VH single domains to exploit 
the favorable properties of Nano- 
bodies (12, 37, 47, 48). This 
approach achieved only limited suc- 
cess as camelizing mutations on human or mouse VH was 
shown to be thermodynamically destabilizing due to frame- 
work deformations and did not completely eliminate the tend- 
ency to dimerize and aggregate (49-51). In another approach, 
Barthelemy etal. (36) introduced a guided molecular evolution 
technique to mutagenize a human VH into a stabilized, revers- 
ibly refolding, better expressing, and autonomous single-do- 
main antibody fragment. Here we start from a properly 
behaving dromedary-derived Nanobody and propose a strat- 
egy to humanize this single-domain antibody. The advantage 
of humanized Nanobodies over camelized human VHs is 
that VHH domains evolved naturally, matured in the 
absence of a VL partner and will therefore behave as soluble, 
strictly monomeric, specific single domains. Other adapta- 
tions outside the framework-2, spread over the entire VHH 
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FIGURE 5. The NbHuL6-HuL complex. A ribbon diagram of the structure of the 
NbHuL6 FGtlv mutant in complex with human lysozyme.The antibody is drawn in 
purple and the lysozyme molecule in orange. Residues Gly-49, Leu-50, and Trp-52 
are drawn as ball-and-stick. The three CDR loops are highlighted: CDR1 in blue, 
CDR2 in green, and CDR3 in red. B, superposition of the wild-type complex (Nano- 
body in dark blue and lysozyme in red) on the mutant complex of NbHuL6 FGUV 
(Nanobody in light blue, lysozyme in orange). The 9.2° rigid body rotation of the 
antigen is clearly noted. C, structural effects of the Gly-52 -»Trp mutation. Stereo 
ribbon representation of the superposition of wild-type NbHuL6 (gray backbone 
and black side chains) on the mutant NbHuL6 FGLW ,(co/ored). The bulky side chain 
of Trp-52 pushes against Leu 1 1 2.2, which in turn pushes against Trp 1 1 1 .1 , result- 
ing in a small but significant distortion in the CDR3 conformation. This is the most 
likely cause of the rigid body rotation of the antigen relative to the Nanobody in 
the mutant complex. D, stereo view of a superposition of the mutant 
NbHuL6 FGtlv colored according to atom type and the wild-type NbHuL6 (green). 
Conformational changes involve framework-2. Shown are the backbone of resi- 
dues 41-53 and the side chains of residues Gly-52 — > Trp, Glu-49 -> Gly, and 
Arg-50 — » Leu. Relevant crystal packing interactions for the mutant are drawn in 
black and for the wild-type in gray. 
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FIGURE 6. A, ribbon diagram of the structure of the maximally humanized 
h-NbBcll10 FGlA mutant. The humanized residues are drawn as ball-and-stick. 
The three CDR loops are highlighted: CDR1 in blue, CDR2 in green, and CDR3 in 
red. B, superposition of the wild-type NbBclllO (dark blue) on the mutant 
h-NbBc\no FeLA (lightblue). 

sequence, probably assist in obtaining the best possible sin- 
gle-domain format. 

In a previous study, we assessed the effect of mutating the 
Nanobody hallmark amino acid in framework-2 on the stability, 
solubility, and loop conformation of NbAn33 (13). However, 
this NbAn33 (with Tyr-42 and Trp-52) belongs to the rare VHH 
subfamily- 5, whereas the majority of the dromedary-derived 
Nanobodies belong to the subfamily-2. In addition, the short 
CDR3 loop of NbAn33 does not fold over the "former VL side" 
as observed for Nanobodies with longer CDR3 loops (15, 52, 
53). Consequently, NbAn33 was more straightforward to 
humanize in contrast to the abundant subfamily-2 Nanobodies 
with longer CDR3. 

In this study we analyzed the effect of the substitutions of 
residues Phe-42, Glu-49, Arg-50, and Gly-52 in framework-2 to 
their human counterpart on expression, affinity, stability, and 
biophysical properties of NbHuL6 and NbBclllO, representa- 
tive members of VHH subfamily-2. Nanobodies of this VHH 
subfamily encompass 75% of all dromedary antigen-specific 
Nanobodies (2). These results allow us to determine which res- 
idues in framework-2 can be humanized without hampering 
the functionality of these single-domain antibodies. Thereafter, 
we humanized the remaining Nanobody scaffold to generate a 
more human-like generic VHH-derivative with maximal reten- 
tion of its original Nanobody beneficial properties. 

The important increase in stability of NbHuL6 and NbBclllO 
upon humanization of residues 49 and 50, especially when the 
residue at position 52 is not mutated to the VH hallmark resi- 
due (t'.e. Trp) is a striking result. A similar effect on stability had 
already been noticed for NbAn33, although in this case the 
increase in stability upon mutation of residues 49 and 50 is less 
pronounced possibly, because the natural residue at position 52 
is already occupied by a VH-like Trp (13). These results are 
consistent with studies on camelized VHs, where mutations in 
framework-2 usually lead to a decrease in domain stability (12). 
The residues at positions 49 and 50 are always charged residues 
in the VHH format, which reduces the exposed hydrophobic 
area of the former VL interface and renders the domain more 
hydrophilic. A reasonable explanation is that the VHH domain 
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mark residues in framework-2 (black lines), non-mutated VHH hallmark residues (red lines). 



concedes in stability by replacing non-polar with polar residues 
at positions 49 and 50 to enhance its solubility. Therefore, cam- 
elizing the Gly-49 and Leu-50 of a VH sequence will provoke a 
domain destabilization, whereas humanization of the Glu-49 
and Arg-50 of a VHH will generate a stabilized variable domain. 
Furthermore, the monomeric state of the Nanobodies is not 
compromised by the Glu-49 -» Gly and Arg-50 -> Leu muta- 
tions as observed from the single symmetrical elution peak on 
size-exclusion chromatography, despite a more sticky behavior 
on the gel matrix. Several studies already demonstrated that 
other inherent features in the sequences of single- domain anti- 
bodies of Camelidae also contribute to this soluble and mono- 
meric behavior (54, 55). Moreover, the mutations at positions 
49 and 50 seem to be completely neutral for the antigen-binding 
capacity of the Nanobodies we studied. 

Conversely, the nature of residue 52 appears to affect 
strongly the antigen-binding capacity of NbHuL6 and 
NbBcIIlO. The most probable explanation for this effect is that 
the replacement of a Gly by the bulky side chain of Trp-52 
provokes a conformational shift of the CDR3 loop as seen in the 
crystal structure with NbHuL6 FGW (Fig. 5C). This confirms 
the importance of the Gly-52 in Nanobodies for proper position- 
ing of the third antigen-binding loop (13). Indeed, it seems that 
Gly-52 was evolutionary introduced into the many VHH germ line 
genes to allow positioning of the long CDR3 over the former VL 



2. However, the occurrence of Gly-52 might be at the expense of ubility and antigen affinity. 



capacity and stability, although 
these effects don't seem to be solely 
attributable to this single mutation 
but rather result from synergy with 
surrounding residues at positions 
49, 50, and 52. In conventional VH 
domains, the hydrophobic side 
chains of Val-42, Leu-50, Trp-52, 
and Trp-118 cluster and create the 
interaction surface for the VL 
domain. The conserved use of a 
bulky aromatic residue (Phe in VHH 
subfamily-2) is at first sight rather 
surprising, but crystal structures 
reveal that the side chain of Phe-42 
fills a hydrophobic pocket created 
by the bulge at Gly-52 and the side 
chains of Tyr-103, Trp-118, and the 
CDR3 (32). This Val-42 -» Phe sub- 
stitution presumably stabilizes the 
"former" VL interface and might 
compensate partially for the stabil- 
ity loss caused by the solubility 
increasing substitutions Gly-49 — > 
Glu and Leu-50 — » Arg. This 
hypothesis is in agreement with the 
structure of the camelized human VH fragment, VH-P8, where 
Val maintained at position 42 causes a distortion of the former 
VL-side (50). In conclusion, Phe-42 seems to be essential to 
maintain the structural integrity and the correct global fold 
of the Nanobody scaffold. This is confirmed by the better 
expression levels and the higher stability of the domains with 
a Phe instead of a Val located at position 42. As a result the 
crystal structure could be determined for the NbHuL6 FGiw , 
format, which was not possible for the NbHuL6y GLV ^ 
mutant, because of low expression yield and aggregation at 
lower concentrations. 

The Trp-118 — * Arg mutation increases the expression level 
of NbHuL6 KGiH7 . A similar significant yield improvement was 
previously observed for both the wild-type and the framework- 
2-humanized format of NbAn33. This emphasizes the critical 
role of Arg- 118 for the expression of Nanobodies. However, the 
presence of a Trp at this position in most Nanobodies cannot be 
substituted by Arg because of its detrimental influence on the 
antigen affinity of these Nanobodies, probably by hampering 
the proper positioning of the third antigen-binding loop. 

In summary, in this part of our study we demonstrated that 
the conserved Nanobody residues at positions 42 and 52 have a 
major impact on the integrity of the antigen interaction. Sur- 
prisingly, humanizing the residues at positions 49 and 50 stabi- 
lizes the Nanobodies, without affecting dramatically their sol- 



the domain stability, as demonstrated by the higher C m and T m 
values when a Trp substitutes Gly at this position (7^ and C m 
values of 84.2 °C and 3.35 m, respectively, for the NbHuL6 F£SW , 
format compared with 79.7 °C and 3.02 M for wild type). 

The exact role of Phe-42 is less straightforward. In this study, 
substitution by Val-42 changes the expression yield, binding 



We further focused on humanizing the remaining frame- 
work to mimic the human VH sequence as much as possible. 
The sequence DP-47, derived from human subgroup III, was 
chosen as template. This choice corresponds to the most com- 
monly used VH subgroup in the natural repertoire of human 
antibodies (56, 57). In addition there is an interesting correla- 
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tion between stability and framework- 1 classification (58). The 
most stable human VH3 domain belongs to structural subtype 
II, as do DP-47 and the Nanobodies. Eleven additional residues 
outside framework-2 were mutated to their human counterpart 
in the framework of NbBcIIlO (h-NbBcIIlO). These mutations 
do not significantly affect the antigen-binding capacity of the 
Nanobody but cause a decrease in expression yield and stability 
of the single domain. This was anticipated, because some of the 
substituted residues (e.g. Ala-83 — »Ser, Lys-95 — * Arg, and Gln- 
123 -» Leu) were previously identified as foldability/stability 
determinants of water-soluble llama VH fragments (55). How- 
ever, the beneficial effects of humanizing the residues at posi- 
tions 49 and 50 were sufficient to compensate for this loss in 
stability. As for NbHul6, these mutations render the scaffold 
more sticky on the gel matrix, however, without affecting its 
monomeric state. In addition, the successful transfer of anti- 
gen specificity of loop donors onto the framework of 
h-NbBcII10 FGiA demonstrates that this scaffold can be used 
as a universal humanized acceptor for loop grafting. 

All these data allow us to propose two strategies to manufac- 
ture a humanized version of a Nanobody with maximal reten- 
tion of stability and antigen-binding characteristics (Fig. 7). For 
every in vivo affinity-matured Nanobody with an antigen spec- 
ificity of interest that needs to be humanized we advice to graft 
its antigen-binding loops into our universal humanized Nano- 
body scaffold (h-NbBcII10 FGiA ). This will normally guarantee a 
good expression, stability, and solubility of the chimeric Nano- 
body with retention of the antigen specificity and affinity of the 
loop donor VHH. However, because particular framework res- 
idues might be directly or indirectly involved in antigen inter- 
action, e.g. by presenting the CDR loops in the proper architec- 
ture for antigen binding, the simple transfer of the CDRs-only 
onto the universal humanized Nanobody scaffold may disturb 
the proper CDR positioning, leading to unacceptable affinity 
loss. In these cases, the framework of the isolated Nanobody 
should be resurfaced to minimize the number of camelid Nano- 
body-specific residues. The humanization of residues in frame- 
work regions 1, 3, and 4 will have a minimal effect, whereas the 
mutations of amino acids in framework-2 at positions 49 and 50 
to Gly and Leu, respectively, will even stabilize the autonomous 
domain (at the expense of solubility and reversibly unfolding). 
The humanization of amino acids at positions 42 and 52 in 
framework-2 is discouraged due to their proven involvement in 
antigen affinity and stability of Nanobodies. 

Finally, we anticipate that our universal humanized Nano- 
body h-NbBCII10 FGiA is an excellent candidate to construct a 
single-framework, synthetic library by introducing variability 
into its CDRs. 
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